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Abstract

Reliable, low-cost electrocatalysts of La and Ni co-doped LiMn,O, for energy storage applications were successfully syn-
thesized via the sol-gel method. Herein, the effect of La** and Ni** co-doping in Mn>* of LiMn,_(LaNi),0, (x = 0, 0.01,
0.02, 0.03, 0.04 and 0.05) samples were studied. X-ray diffraction (XRD) results for structural characterization established
the cubic spinel structure of the materials. Microstructural studies of the synthesized materials via field emission scanning
electron microscopy (FE-SEM) revealed that the particle size was reduced with La**and Ni?* doping. The electrochemical
properties that were investigated in the voltage range of 0.2—1.2 V showed improved structural stability, and therefore Jahn—
Teller distortion was effectively suppressed. Cyclic voltammetry (CV) revealed that a 4% substitution of (La and Ni) in Mn**
exhibited improved lithium-ion reversibility. Electrochemical impedance spectroscopy (EIS) showed an improved charge
transfer resistance of 41 Q for (LaNi) 0.04 doping over other doping concentrations and pure LiMn,0,. Charge-discharge
studies revealed that the initial discharge capacity of LiMn, g,(LaNi) 4,0, is 132.1 mAh/g in aqueous Li,SO, electrolyte is
improved over other doping concentrations and pristine LiMn,0O,.

Keywords La and Ni co-doped LiMn,0O, - Li-ion battery - improved discharge capacity - Li intercalation and
de-intercalation - cubic spinel structure

Introduction

With the immense demand for high-energy-density storage
systems, replacing conventional graphite anodes in Li-ion
batteries (LIBs) offers a considerable opportunity to develop
improved batteries for future applications. LiMn,O, (LMO),
the most promising intercalation material, has received sig-
nificant attention as a cathode in LIBs. This spinal material
offers advantages including environmental soundness, low
cost, and good thermal behavior, without the need for expen-
sive safety devices, which distinguish it from LiCoO, and
LiNiO,."™* However, limitations including capacity fading,
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poor high-rate capability, Mn dissolution at high tempera-
ture, and the Jahn—Teller effect are challenges that must be
solved before its commercial use. To alleviate these issues,
numerous researchers across the globe have developed vari-
ous strategies such as synthesis methods, annealing atmos-
pheres, iso- or aliovalent cations such as Li, Ni, Cu, Co, Al,
and Cr,”~® multiple cation substitution,”!* and co-doping/
dual doping.!"!> Among these methods, bication doping
with rare-earth elements represents a possible method to
address all these issues. '

Lanthanum doping has already shown some synergetic
effects.'* Rare-earth element substitution has been proven
to prevent the collapse of the spinel lattice by acting as a
pillar for facilitating Li-ion mobility and providing faster
intercalation/de-intercalation.!>!® Ni substitution is an
emblematic method to advance the electrochemical activity
of LiMn,0,.!”~!% Ni substitution alone does not show any
significant improvement, but when co-doped with other ele-
ments, like Mn, showed improved performance as a cathode
material for a LIB. Therefore, Ni is chosen for this reason.

In this paper, we present a proof-of-concept demonstra-
tion of La and Ni co-doped LiMn,_,(LaNi) O, as a cathode
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material for a LIB application. We systematically study its
structural, morphological, electrical, and electrochemical
performance by doping at dopant concentrations of 1-5%.
The electrochemical studies are carried out by fabricating a
half cell in aqueous electrolytes.

Experimental
Synthesis

LiMn,_,(LaNi),O, (x = 0.01, 0.02, 0.03, 0.04, 0.05) was
synthesized via a sol-gel process. Stoichiometric amounts
of lithium acetate Li(CH;COO), manganese acetate
Mn(CH;COO),, lanthanum acetate La(CH;CO,);-xH,0,
and nickel acetate Ni(OCOCH;),-4H,0 (all chemicals of
99.99% purity, Aldrich) were used as precursor materials.
The remaining process was as described in our previous
paper for doped and pristine materials.?’

Physical Characterization

The crystal structure, phase purity, and lattice parameters
of the synthesized samples were obtained from X-ray dif-
fraction (XRD) using a D8 Advance diffractometer (Bruker
AXS) with Cu-Ka (4 = 1.54 10\) radiation at a scan rate of 2°/
min in the range of 10°-80°. Microstructural and morpho-
logical studies were carried out by field emission scanning
electron microscopy (FE-SEM; JEOL JSM-7600F).

Electrode Preparation and Electrochemical
Measurements

An electrochemical analyzer (CHI 660E, CH Instruments,
Inc., USA) was used to test cyclic voltammetry (CV), chro-
nopotentiometry (CP), and electrochemical impedance spec-
troscopy (EIS) of LMO and doped materials in a prototype
aqueous electrochemical cell. The cell (Pt//LiMn,0,) was
designed using three electrodes immersed in a saturated
Li,SO, aqueous electrolyte. The working electrode was
prepared by mixing LiMn,_,(LaNi),O,, carbon black, and
polyvinylidene fluoride (PVDF) in a ratio of 90:5:5. A slurry
was formed by adding n-methyl pyrrolidone (NMP) drop-
wise. This slurry was coated on stainless steel foil of 2 mm
thickness and heated for 12 h in a vacuum oven to remove
NMP and any moisture in the material. Pt wire is used as
a counter-electrode and Ag/AgCl as a reference electrode.
The CV study was done at a scan rate of 0.5 mV/S in the
potential range of 0.2—1.2 V. EIS data was taken in the fre-
quency range of 10 MHz—100KHz. CP studies were carried
out at a current density of 100 uA/cm? in a potential range
of 0.0-1.2 V.
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Fig.1 XRD patterns of (a) LiMn,0,, (b) LiMn; gs(LaNi),0,,
(c)  LiMn, g4(LaNi)y 1,0y, (d)  LiMn, g, (LaNi)y 4304  ©)
LiMn, ¢,(LaNi)( 404, ) LiMn, go(LaNi)g 450,.

Table | Lattice constants, cell volume and crystallite sizes of LMO
and its doped derivatives.

Samples a (/0%) \% (A) D (nm)
LiMn,0, 8.23208 557.8645 58
LiMn, ¢5(LaNi)g ;04 8.22762 556.9583 46
LiMn, ¢4(LaNi)g 0,04 8.22392 556.2072 43
LiMn, ¢4(LaNi)q ;04 8.22178 555.7731 42
LiMn, ¢,(LaNi)g 404 8.21602 554.6059 56
LiMn, go(LaNi); 4504 8.21141 553.6728 63

Results and Discussion

The crystallographic structure of as-prepared materials
was studied using XRD. XRD analysis is the appropriate
method to analyze small-scale microstructural phases and
their structural properties.?'>? The obtained XRD patterns
of synthesized LiMn,_ (LaNi), O, materials are shown in
Fig. 1. The majority of diffraction peaks perceived in the
XRD pattern correspond to La** and Ni** doped in Mn>*/
Mn** of 8a sites in LMO. The results depicted a cubic spi-
nel assembly in the space group Fdj,, in good agreement
with JCPDS (file no. 35-0782). Further, lattice parameters
and crystallite sizes were calculated using Scherer’s for-
mula. The volume of the unit cell is depicted in Table I. It
clearly shows that with concentration escalation, the lattice
considerations reversibly decrease, leading to shrinkage
of the crystalline cell. Shrinkage of the cell strongly sug-
gests the reduction of Mn[La/Ni]-O bond length in Mn[La/
Ni]Og octahedrons and expansion of LiO, tetrahedrons
in the catalyst material’s structure. The decrease in cell
size corresponds to the strengthening of bonds, leading to
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enhanced electrocatalytic activity. Among all these dop-
ing concentrations, at higher doping concentrations (x =
0.05) some minor peaks were observed, which correspond
to Mn,0Oj;. This is due to the formation of minor oxides of
La and Ni, which decompose completely into Mn,0O; in
company with La(CH;CO,);-xH,0O during sintering in air.

In the XRD data, broadening of the peaks is expected
from three different sources: namely, instrumental, crystal-
lite size and lattice strain. After calibration of a Si standard,
we removed the instrumental effect using the Si standard
background. Thereafter, the existing broadening is due to
the crystallite size effect and the lattice strain present in the
material.

Since the synthesized material is in the nano region
(estimated using Debye—Scherer’s formula, and as already
discussed above), additional broadening is present in the dif-
fraction peaks from lattice strain. The preparation conditions
probably introduce the lattice strain in the material, which
leads to broadening of the peaks apart from the crystallite
size effect. We can calculate the individual contributions of
the crystallite size effect and lattice strain in the peak broad-
ening. The existing peak widths (FWHM, full width at half
maximum) can be written as

Br = Berystallite + Bstrain
where

Berystallite = K4/(Lcos 8 ) and Bstrain = #tan 0
Therefore, Brcos @ = KA/L + ncos 6

where 1 is the wavelength of the x-ray used, @ is the Bragg
angle, L is the average crystallite size, K is constant (0.94
for cubic crystals of uniform size and for other non-cubic
crystals) and 7 is strain in the material. By plotting Br cosé
against sinf, we obtained a straight line with slope of 0.3432,
which equates to lattice strain present in the material, and the
intercept of 0.0809 equates to KA/L. From this, we compared
the crystallite size value L with the value calculated using
Debye—Scherer’s formula, and they are in good agreement.

The exterior morphology of LMO and its doped materi-
als examined by FE-SEM is depicted in Fig. 2a, b, c, d, e,
and f. From this figure, it is observed that the particles are
well shaped in a polyhedron structure (shown in inset) with
a relatively smooth surface approximately 300 nm in size. A
small particle is visible connecting larger particles, indicat-
ing that the crystallization process was complete. The EDS
carried out for LMO and its doped derivatives are depicted
in Fig. 3. EDS results for the sintered samples confirmed the
presence of Mn, La, Ni, and O in all the samples. In addi-
tion, structural connectivity in these materials was studied
by FTIR, and the spectra are shown in Fig. 4. The absorp-
tion bands in LMO between 620 cm™! and 509 cm™! were
attributed to stretching modes of Mn-O bonds. In FTIR,

bond strength is related to that bond’s wave number®®. In
doped materials, the bond length of Mn[La/Ni]-O decreased
with an increase in doping content, and it is minimum for
(LaNi), o4 doping. After doping, all of the peaks shifted to
higher wave numbers, which shows that (LaNi), ,, doping
improved structural stability and enhanced the electrochemi-
cal properties of the material. The XRD results from Fig. 1
and CV results from Fig. 5 confirmed that (LaNi), o, substi-
tution improves the properties of LMO.

Electrochemical Performance of As-Prepared LMO
and Doped LMO Materials

The electrochemical performance of LMO and La**/Ni**
doped LMO material were evaluated by CV in the cell
potential range of 0.2 V to 1.2 V at a 0.05 mV/s scan rate
and by CP. The CV curves of pristine and LiMn,_ (LaNi),0,
materials for the first and fifth cycles are depicted in Fig. 5.
Two pairs of well-resolved, sharp redox peaks appeared
at 0.74 V, 0.89 V, and 0.81 V, 1.13 V for all materials in
saturated aqueous Li,SO, electrolyte. These peaks corre-
spond to the conversion of Ni**/Ni** and Ni**/Ni*". The
potential variance amongst the oxidation and the reduction
peaks (AEp) for the Ni**/Ni** and Ni**/Ni** redox pro-
cesses was 0.095 V and 0.11 V, respectively. Small AEps
values indicate fast Li* extraction/insertion kinetics in the
as-prepared materials. According to previous studies,”* the
features of the obtained CVs indicate that the as-prepared
LMO exhibited a mainly disordered structure. These results
are in good arrangement with the redox potentials obtained
for non-aqueous electrolytes.”>2® Among all doped mate-
rials, Fig. 5d LiMn, ¢,(LaNi), (4,0, exhibited superior cur-
rent density, fivefold higher than the other doped materials;
this might be because of the good structural arrangement
confirmed by the FE-SEM study. Variations in peak poten-
tial differences with different doping concentrations are
explained in Fig. 6. As the doping concentration of La and
Ni increases, the peak potential difference decreases, and
the current response increases.”” ! As the structure became
more stable with increasing La and Ni as described in the
XRD result (x = 0.04), the dopant showed better electro-
chemical activity. Due to the formation of the secondary
phase at higher doping concentration (shown in XRD), the
bonds in Mn[La/Ni]O4 octahedrons may weaken and lead
to a decrease in electrochemical activity. In all the samples,
a matching current response was observed at the first and
fifth cycles, indicating electrochemical stability. The second
redox peaks in all of the samples showed an increase in cur-
rent response showing higher charge-discharge capacity at
the greater potential region and increased current response.

EIS results through Nyquist AC impedance plots for
LiMn,_,(LaNi),O, are shown in Fig. 7 for the first and
fifth cycles.’? For dopant (x = 0.04), a lower R, value
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Fig.2 FE-SEM micrographs of (a) LiMn,O,,
LiMn, ¢,(LaNi) (40,, and (f) LiMn, ¢o(LaNi)q (sO,.

(41 Q) measured over the remaining doped and pristine
samples indicated improved and faster Li-ion intercala-
tion kinetics. The morphology of LiMn,_ (LaNi) O, is an
important characteristic that affects the solid-state diffu-
sion of Li*. Due to the other phase observed in (x = 0.05)
concentration, doping led to a change in the distribution of
Li" and affected the electrochemical performance. These

@ Springer

(b) LiMn, gg(LaNi); 0y,

(¢) LiMn, ¢4(LaNi),0,,

(d) LiMn, ¢4(LaNi);0,, (€)

EIS results were consistent with the CV analysis. Vari-
ation of Z' and Z" parts of impedance in the frequency
range 10 MHz-100 KHz at different doping values are
depicted in Fig. 8 (A and B). From figure A, low Z' val-
ues observed for LiMn, ¢,(LaNi), (4O, show a decrease
in Mn-La-Ni-O bond lengths, which in turn increase the
Li* conduction path. Z” versus log F curves in figure B
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Fig.3 EDS profiles of (a) LiMn,0,, (b) LiMn, ¢g(LaNi), 3;O,4, (c) LiMn, ¢¢(LaNi), 4,04, (d) LiMn, g4(LaNi) (30,, (e) LiMn, g,(LaNi) (,0,, and

(f) LiMn, ¢o(LaNi); 50,

show no loss of materials even after the fifth cycle in each
concentration. Z' and Z" curves merge at higher frequen-
cies in both graphs, which indicates reduced space charge
polarization with increasing frequency. (LaNi), o, doping
shows low Z" and Z" values, indicating higher accumula-
tion charges, which results in the improvement of electro-
chemical properties.

Typical charge-discharge curves of LiMn,_ (LaNi) O,
obtained for several cycles in the potential range of 0-1.2
V are depicted in Fig. 9. All the curves present two pla-
teaus corresponding to lithium intercalation/de-intercalation
and are consistent with the CVs.*3~%° The figure shows that
discharge capacity improved with La** and Ni** doping in
Mn**. The improved capacity with doping is attributed to

@ Springer
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Fig.4 FT-IR spectra of LMO and its derivatives.

shorter path lengths in which Li* moves. La**, Ni**, and
Mn** ions resided in the 16d site originally occupied by
Mn?**/Mn** ions and caused Mn[La/Ni]O octahedrons to
shrink, providing greater stability. Therefore, the electro-
chemical behavior of the doped derivatives was enhanced
with increasing doping. The discharge capacity of the (x =
0.04) doped sample was 132.1 mAh/g, which is compara-
tively more than the discharge capacity of 113.2 mAh/g for
pristine LMO. At a doping concentration of 0.05, due to the
formation of the secondary phase, the bonds weakened and
the discharge capacity suddenly decreased. These CP results

@ Springer

showed a positive effect for the appropriate doping of La>*
and Ni** in Mn** of LMO.

Conclusions

In this work, we successfully prepared a series of La-Ni
doped LMO spinel materials by a sol-gel method and
investigated their electronic charge transport proper-
ties and electrochemical performance. The doped sam-
ples preserve the spinel cubic structure except at higher
doping concentrations, in which Mn,0; oxides were
observed. XRD results showed that La®*, and Ni** dop-
ing improved the stability of LMO. FE-SEM micrographs
showed well-defined polyhedral morphology with particle
sizes in the range of 200 nm, and the FE-SEM showed a
relatively smooth surface. CV results showed two pairs
of redox peaks with a decrease in peak potential differ-
ences at increasing doping concentration. 4% La>* and
Ni2* doping showed improved electrochemical properties
over other dopants. EIS curves showed an improved Li*
intercalation/de-intercalation process due to a decrease
in R, with increasing doping. Charge-discharge curves
exhibited improved discharge capacity of 132.1 mAh/g
for 4% La and Ni doping over other dopants and pure
LMO. The enhanced electrochemical performance of
LiMn, ¢,(LaNi), (4,0, in Li,SO, aqueous electrolyte sug-
gests it can be used in energy storage devices.
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Fig.5 Cyclic voltammograms of LiMn,O,, (a) LiMn g(LaNi);yO4 (b) LiMn;g4(LaNi)y,O4 (c¢) LiMn; g4 (LaNi); 30,4, (d)

LiMn, ¢,(LaNi), 40,, and (e) LiMn, go(LaNi), (5O, for first and fifth cycles in saturated aqueous Li,SO, electrolyte at a scan rate of 0.05 mV/s.
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